We have investigated the hypothesis that hyperinsulinemia may cause the polycystic ovary syndrome (PCO) by directly stimulating gonadal steroidogenesis and/or gonadotropin secretion. 10 insulin-resistant women with PCO and 5 age-and weight-matched ovulatory normal women had pulsatile gonadotropin release, gonadotrope sensitivity to gonadotropin-releasing hormone, and sex hormone levels studied on two consecutive study days, basally and during the infusion of insulin (mean±SEM steady state insulin levels, 1,254±63 ,uU/ml PCO vs. 907±92 ,U/ml normal, P < 0.01). Insulin acutely increased mean delta (6 h minus prestudy) levels of androstenedione (A) (P c 0.001) and estradiol (E2) (P c 0.05) and decreased mean plasma pool (0-6 h) levels of testosterone (T) (P < 0.05), nonsex hormone binding globulin-bound T (P <0.05), and dihydrotestosterone (P < 0.01) in the PCO women. Insulin also decreased mean plasma 6 h A to estrone (El) ratios and increased 6 h El levels (both P c 0.05) in the PCO women. There were significant sequence effects (insulin + day) in the PCO women on T/E2 ratios, indicating a carryover action of insulin. Insulin had no effects on gonadotropin release in the PCO women. In the normal women, the only significant change was an insulin or study day effect that increased mean 6 h E2 levels (P < 0.01). There were significant spontaneous decreases in mean luteinizing hormone (P < 0.05) and follicle-stimulating hormone levels (P c 0.01) in the PCO but not the normal women on the second day of study. This study indicates that insulin can directly alter peripheral sex hormone levels independent of changes in gonadotropin release in insulin-resistant PCO women. Insulin decreased the levels of potent androgens in PCO women and did not increase androgen levels in normal women, arguing against a simple, direct causal relationship between hyperinsulinemia and hyperandrogenism in PCO.
Introduction
The polycystic ovary syndrome (PCO)' is a common endocrine disorder of unknown etiology characterized by its bio- 1 . Abbreviations used in this paper: A, androstenedione; BMI, body mass index; DHEAS, dehydroepiandroesterone sulfate; DHT, dihychemical abnormalities: disordered gonadotropin secretion and hyperandrogenism (1, 2) . Basal and glucose-stimulated hyperinsulinemia have recently been recognized as features of PCO and significant positive correlations between insulin and androgen levels have been found in several studies (3) (4) (5) (6) . These observations have led to the hypothesis that hyperinsulinemia causes hyperandrogenism via direct stimulation ofgonadal steroidogenesis and/or gonadotropin secretion (4) (5) (6) (7) (8) (9) . Indeed, hyperandrogenism occurs in a number ofdistinct syndromes of extreme insulin resistance (10) (11) (12) (13) and has developed in premenopausal women with the type B syndrome (7) .
There are several possible mechanisms whereby insulin might play a role in the development of PCO. Specific receptors for insulin and insulin-like growth factors have been found in animal and human ovarian tissues (14, 15) as well as in rat hypothalamus and pituitary (16, 17) . These peptides are also known to have a number of actions on gonadal steroidogenesis in vitro (15, 18) . Further, insulin can cross the bloodbrain barrier in man (19) and can stimulate luteinizing hormone (LH) and follicle-stimulating hormone (FSH) release from rat pituitary cells in vitro (20) . Many gonadal insulin actions, however, appear to be mediated through the insulinlike growth factor I (IGF-I) receptor rather than the insulin receptor ( 15, 18) . This is consistent with the observation that insulin in large doses can stimulate androgen production in stromal tissue in vitro from ovaries of hyperandrogenic women with insulin resistance (21) , indicating that this insulin action is preserved, despite resistance to insulin actions on carbohydrate metabolism.
The effects of prolonged insulin administration on sex hormone levels in vivo have been examined twice, with conflicting results (22, 23) . These studies, however, included few hyperandrogenic women and neither case specified whether these women fulfilled the diagnostic criteria for PCO. This latter point is of central importance because in vitro studies (21, 24) suggest that such PCO-associated changes as ovarian stromal hyperplasia and LH hypersecretion greatly enhance insulin action on steroidogenesis. Further, women with PCO are also hyperinsulinemic and could thus be expected to be insulin primed.
Exploring the effects of insulin in PCO may thus shed light not only on the pathogenesis of PCO but also on the newly appreciated relationship between insulin and reproductive function. Accordingly, we performed this study to investigate the following questions. (a) Does insulin contribute (by acting through its own or the IGF-I receptor [15, 18] ) to the abnormalities of gonadal steroidogenesis (e.g., hyperandrogenism) or gonadotropin secretion (e.g., increased LH release) that occur in PCO? (b) What is (or are) the mechanism(s) of insulin action(s) on reproductive hormones? Methods Subjects. 10 hyperinsulinemic insulin-resistant women with PCO and 5 age-and weight-matched normal ovulatory women were selected for study. All women were aged 17-35 yr, in good health and euthyroid, and none had taken any medication known to affect gonadal function or carbohydrate metabolism for at least 3 mo before study. No woman had impaired glucose tolerance by the National Diabetes Data Group criteria (25) on an oral glucose tolerance test (OGTT) with a 40 g/m2 glucose load.
The diagnosis of PCO was made when an elevation of one or more plasma androgen levels was associated with oligo-or amenorrhea since menarche (one woman, Patient 10, had primary amenorrhea) (2, 26) . Ovarian morphology was not assessed as this is a nonspecific finding (27, 28 ). Cushing's syndrome, androgen-secreting neoplasms, attenuated 2 1-hydroxylase deficiency (29), and hyperprolactinemia were excluded before PCO was diagnosed. All PCO women had basal and/ or glucose-stimulated hyperinsulinemia during the OGTT, based on our previously reported criteria (26) , indicative of insulin resistance. 9 of the 10 PCO women had acanthosis nigricans diagnosed by the presence on clinical examination ofpapillomatous hyperpigmentation on the neck or in the axillae (26) . We have shown that such PCO women have significantly higher glucose-stimulated insulin levels but similar patterns of pulsatile gonadotropin secretion and sex hormone levels compared with PCO women lacking this dermatologic change (26, 30) . Acanthotic PCO women can thus be considered as a subgroup of PCO.
The normal women had 27-32-d regular menstrual cycles with ovulation confirmed by appropriately elevated luteal-phase progesterone levels and by daily blood sampling for gonadotropin levels in four of the five women. None of the normal women were hirsute or had acanthosis nigricans. The studies were performed during a time of documented anovulation in the PCO women and in the midfollicular phase of the cycle on days 5-10 in the normal women. The studies were approved by the Mount Sinai School of Medicine Institutional Review Board and written informed consent was obtained from each woman before the study.
Study design. All women ate a 300-g carbohydrate diet for 3 d before the study and were admitted to the Mount Sinai Hospital General Clinical Research Center the day before the start of testing. The study was performed on two consecutive days after a 10-12-h overnight fast each night. In the PCO women, insulin administration was randomized because our previous studies (31) had shown spontaneous decreases in FSH levels in PCO women on the second day of a twoconsecutive-day study. Five PCO women thus received insulin on day 1 (day I insulin PCO group) and five PCO women received it on day 2 (day 2 insulin PCO group). After preliminary analysis ofthe data in the PCO women, five normal women were studied without randomization to control for the acute effects of insulin administration and the independent effect of PCO. The normal women ali received insulin on day 2. All women remained at bed rest and fasting during each day of study. They ate a mixed meal containing at least 200 g ofcarbohydrate after completion of the first day of study.
On the control study day without insulin administration, an intravenous catheter was inserted at least 30 min before the start of blood testing. The catheter was maintained patent by a continuous slow infusion of isotonic saline containing 1 U heparin/ml. Blood sampling was begun between 0830 and 0930 h at 10-min intervals for 6 h followed by the administration of gonadotropin-releasing hormone (GnRH; 10 gg i.v.) (Factrel; Ayerst Laboratories, New York, NY) and continued blood sampling at 10, 20, 60, and 120 min after the GnRH. An increased volume of blood was obtained just before starting the 10-min sampling (prestudy sample) and at 6 h before GnRH administration (6-h sample). On the insulin infusion day of study, insulin (Humulin R; E. Lilly & Co., Indianapolis, IN) was administered in a dose of 200 mU/in2 per min by the euglycemic hyperinsulinemic clamp technique (32) . A primed continuous infusion of insulin was begun between 0830 and 0900 h using an infusion pump (Harvard Instruments, Natick, MA). A variable infusion of 20% dextrose was begun 4 min after the start ofthe insulin infusion via an infusion pump (IMED Corp., San Diego, CA) and the rate was adjusted according to every 5-min plasma glucose determination to maintain the plasma glucose concentration at the fasting level (32) . A supplemental infusion of potassium phosphate was given to prevent hypokolemia and hypophosphatemia (33) . 30 min after the start of insulin infusion when steady state insulin levels were achieved (32) , blood sampling identical to that done on the control day of study was begun. Blood samples were also obtained basally and every 20-30 min during the insulin infusion for insulin levels. The insulin and glucose infusions were continued until all the blood sampling was completed (i.e., 8½/2 h).
Analytical methods. Plasma glucose was determined by the glucose oxidase technique using a glucose analyzer (model 2; Beckman Instruments, Fullerton, CA). Serum insulin levels were determined by RIA (26) . Plasma LH and FSH levels were determined in a double-antibody RIA (31) in the 0-min samples and in the 10-, 20-, 30-, 60-, and 120-min samples obtained after GnRH. The LH and FSH levels are reported in micrograms per liter of LER-907. A pool was made from equal aliquots of plasma from every other 0-min sample (i.e. every 20 minutes) obtained from time 0 to 6 h. The pools, the prestudy samples, and the 6-h samples were assayed for plasma levels oftestosterone (T), dihydrotestosterone (DHT), androstenedione (A), dehydroepiandrosterone sulfate (DHEAS), estrone (El), and estradiol (E2) according to previously reported methods (31) . Cortisol (F), sex hormone binding globulin (SHBG), and non-SHBG bound testosterone (uT) levels were determined in the plasma pools (31, 34) . Progesterone (P) levels were determined in the plasma pools to assess the presence of recent ovulation (31) . All samples for every hormone from each woman were assayed together to avoid interassay variation.
Data analysis. The 0-6 h, every 10-min LH and FSH levels were analyzed for the presence of pulses as previously reported (31) . The means of the LH and FSH levels from 0 to 6 h were determined to reflect the integrated gonadotropin output over the 6 h and the maximal LH and FSH change from baseline after 10 Ag i.v. GnRH, was determined to reflect gonadotrope sensitivity to GnRH (31) . Twogroup comparisons were made by paired or unpaired t tests or nonparametric tests, as appropriate, and three group comparisons by analysis of variance (35) . Repeated measures of analysis of variance (35) were performed to determine the effects of insulin administration, study day and study sequence (insulin on day 1 vs. insulin on day 2) in the day 1 insulin PCO group as compared with the day 2 insulin PCO group. In this analysis, a significant insulin effect indicated an insulin action, a significant day effect indicated that the changes were related to the day ofstudy (e.g., spontaneous), and a significant sequence effect suggested that there was a carryover action of insulin.
Repeated measures of analysis of variance were also performed to compare the day 2 insulin PCO group with the day 2 insulin normal group. Under these circumstances, the analysis determined differences between PCO versus normal, the interaction of these two groups, and the effect of insulin or study day. It was not possible to differentiate an insulin effect from a study day effect (e.g., spontaneous hormone change on study day 2) because the day of insulin administration was not randomized in this part of the study. However, paired t testing was performed to determine which of the groups (day 2 PCO or normal) showed significant changes on study day 2.
The mean LH and FSH levels, pulse amplitudes (0-6 h), pulse frequency per 6 h and maximal responses to GnRH and steroid hormone levels from the plasma pools and the 6 h, prestudy, and 6 h minus prestudy (delta) sex hormone levels were compared (except P levels). In the day 1 insulin PCO group, the study day 2 prestudy and 6-h samples were obtained - 
Results
Clinicalfeatures and glucose and insulin levels ( Table I) . Al of the PCO women were hirsute and most were obese (body mass index (BMI) 2 28 kg/M2); the mean BMI in the normal women did not differ significantly from the PCO women. The mean basal venous plasma glucose concentration did not differ in the PCO and the normal women and was 97±2 mg/dl for the entire group (n = 15). The glucose concentration was clamped at 97±2 mg/dl with a coefficient of variation of 8±1%. Basal serum insulin levels were increased in the PCO women compared with the normal women (PCO 29±5 uU/ml vs. normal 16±4 uU/ml, P > 0.05), but this change did not achieve statistical significance. Steady state serum insulin concentrations of 1,254±63 1AU/ml in the PCO women and 907±92 ,U/ml in the normal women were achieved during the insulin infusion. These levels differed significantly (P < 0.01), perhaps secondary to decreased insulin clearance in the PCO women (36), although the metabolic clearance rate of insulin was not measured. The mean coefficient of variation for steady-state insulin levels during the clamp was 15±1%.
Sex hormone and SHBG levels (Table II) . There were no significant differences in day 1 prestudy sex hormone levels (before any insulin was administered) in the two PCO groups. There were significant increases in plasma A (P < 0.01), T (P < 0.001), uT (P < 0.001), DHT (P < 0.05), and El (P < 0.01) levels and significant decreases in plasma SHBG levels (P < 0.01) in the PCO women compared with the normal women compatible with the biochemical profile of PCO (1, 2). Mean plasma E2 levels were in the midfollicular range and did not (Fig. 1) , as indicated by significant insulin effects on mean plasma 6-h A (P c 0.001), delta A (P < 0.001) (7 of 10 PCO women with increased 6-h A levels), and delta E2 levels (P < 0.05) (9 of 10 PCO women with increased 6-h E2 levels). There were significant sequence effects (insulin + day) on T/E2 ratios (Fig. 1) resulting in decreased mean delta T/E2 ratios (P < 0.05) and 6-h T/E2 ratios (P < 0.05) (9 of 10 PCO women with decreased 6-h T/E2 ratios), indicating a carryover effect of insulin. Prestudy A and E2 levels were increased on the day after insulin administration in the day 1 insulin PCO group, and the day effects for these changes were significant for A (P < 0.05) and E2 (P < 0.05). The sequence effect for the mean prestudy T/E2 ratio was significant (P < 0.01), consistent with a carryover effect of insulin (Fig. 1) . Mean T/E2 ratios, A, and E2 levels had returned to baseline (Fig. 1) in the day 1 insulin PCO group by 6 h on study day 2 (i.e., -22 h after insulin). In the day 2 insulin PCO group, there was minimal spontaneous change in hormone levels on day 1 (Fig. 1 ). There were no significant changes in mean plasma pool T/E2 ratios and A, and E2 levels (Table II) .
Insulin acutely decreased T (7 of 10 PCO women), uT (8 of 10 PCO women), and DHT (8 of 10 PCO women) levels in the PCO women as indicated by the slight but significant decreases in these hormone levels in the plasma pools (P < 0.05-c 0.01) (Fig. 2, Table II ) during insulin infusion. Study sequence and study day effects were not significant. There were no significant effects of insulin, study day or study sequence on prestudy, 6 h, or delta values for T, uT, or DHT (data not shown).
Thus there was no evidence for a continued action of insulin on these steroids.
Prestudy and 6-h El levels showed significant insulin effects (both P < 0.01). This resulted in increased prestudy and 6-h El levels in the day 1 insulin PCO group on the day after insulin infusion, suggesting a carryover action, although the sequence effects were not significant (Fig. 3) . Conversely, in the day 2 insulin PCO group, there were minimal differences in the day 1 and day 2 El levels ( Fig. 3) at these time points.
The mean A/El ratio showed significant insulin effects prestudy and at 6 h (P < 0.05 and < 0.01, respectively). Although sequence effects were not significant, A/El values were substantially lower in the day 1 insulin PCO group on day 2 prestudy (-16 h after insulin) and continued to decrease at 6 h (-22 h after insulin) than in the day 2 insulin PCO group (Fig. 3) , suggesting that this change represented an insulin carryover action. The mean delta El and A/El values did not achieve statistical significance. There were no evident spontaneous changes in these hormone levels in the day 2 insulin PCO group on the day without insulin infusion (i.e., day 1).
The only significant overall change in sex hormone levels noted when the day 2 insulin PCO women were compared with the normal women was a significant insulin or study day effect on 6 h E2 levels (P < 0.01) (five of five PCO women and five of five normal women with increased 6-h E2 levels). Significant interactions were noted on prestudy (P c 0.01) and 6-h (P c 0.01) T/E2 ratios (data not shown), because E2 levels increased in both groups, decreasing T/E2 ratios. Only 6-h E2 levels increased significantly when the control and insulin in- fusion days were compared by paired t tests in the normal women. These minimal changes in hormone levels in the normal women resulted in a failure to detect similar significant changes in the day 2 PCO women and the normal women compared with the two PCO groups. There were no significant changes in DHEAS or SHBG levels in the PCO groups or in the normal women. The mean plasma F levels in the pools did not change significantly in any of the groups, suggesting that stress did not contribute to the findings (Table II) . Mean plasma P levels in the pools were in the follicular range, indicating the absence of recent ovulation (data not shown). women and the normal women. By paired t tests, these decreases were significant for mean LH and FSH levels only in the day 2 PCO women and not the normal women, whereas maximal LH responses to GnRH tended to be lower but this change did not achieve statistical significance in either group. There were no other significant effects of insulin or of study sequence in the two PCO groups or the normal women.
Discussion
Insulin acutely increased A and E2 levels and decreased T, uT, and DHT levels in insulin-resistant women with PCO. In normal women, the only significant change in steroid levels during insulin infusion was an increase in E2 levels; no changes in androgen levels were noted. The levels of insulin producing these changes were supraphysiologic and thus insulin may have been acting through the IGF-I receptor (15, 18 (31) . In a previous study (22), insulin in similar doses also failed to increase T levels and decreased DHEAS levels in normal women. In our study, DHEAS levels did not decrease; this may have been related to the briefer duration ofinsulin administration. Conversely, Stuart and colleagues (23) found that lower levels of insulin increased A levels in normal men and women and in three hyperandrogenic insulin-resistant women with acanthosis nigricans. A range of doses of insulin, however, did not alter T levels; DHEAS levels were not measured. Thus, even if the failure to detect increases in A levels in normal women was related to the dose of insulin used, our study is in agreement with previous ones, indicating that T levels do not increase acutely with insulin administration in normal women.
The increases in sex hormone levels in PCO women noted with insulin infusion were probably the result of a direct insulin action on steroid secretion and/or metabolism, since these changes were independent of changes in gonadotropin release. Insulin clearly altered both androgen and estrogen levels in insulin-resistant women with PCO but only possibly increased E2 levels in normal women, suggesting that abnormalities associated with PCO augmented insulin effects on sex hormone levels. The decreases in T, uT, and DHT levels in the PCO women may have been the result ofdirect actions ofinsulin on steroidogenesis or, perhaps, alterations in hormone clearance such as steroid uptake by adipose tissue (37) . These changes were not related to the decreases in gonadotropin levels noted on study day 2 in the PCO women because the randomized study design demonstrated that decreases in androgen levels also occurred with insulin infusion on study day 1. Sequence effects indicating a carryover action of insulin in the PCO women were significant only for the mean prestudy, 6-h, and delta T/E2 ratios. However, the significant changes (insulin and/or day effects) in mean plasma prestudy A, E2, and El levels and A/El ratios also suggested a carryover action of insulin, although the sequence effect did not achieve statistical significance. In the day 1 insulin PCO group, the levels of these steroids were substantially different in the day 2 prestudy sample (-16 h after insulin infusion) from all time points in the day 2 insulin PCO group and from the study day 1 prestudy sample (i.e., before insulin infusion) in the day 1 insulin PCO group (Figs. 1 and 3) . Mean A and E2 levels were returning towards baseline by 6 h on study day 2 (-22 h after insulin infusion) in the day 1 insulin PCO group (Fig. 1 ). Such changes gave the appearance that these steroid levels were decreasing in the day 1 insulin PCO group on study day 2 ( Fig. 1 (Fig. 3) .
Similar changes in mean plasma A, E2, or El levels or A/E, ratios were not noted in the day 2 insulin PCO group (Figs. 1  and 3 ). There were minimal changes in these hormone levels on study day 1 (e.g., no previous insulin infusion) in the day 2 insulin PCO group. Further, these different patterns of hormone change could not be ascribed to heterogeneity in the two PCO groups, since the women were randomly assigned to each group and day 1 prestudy hormone levels obtained before insulin infusion did not differ. Finally, it is unlikely that spontaneous day-to-day variation accounted for these changes, as only the day 1 insulin PCO group showed such changes and our previous studies have not found similar differences in PCO women on two consecutive study days without hormone administration (31) . These findings strongly suggest that the changes in plasma A, E2, and El levels and A/E, ratios on study day 2 in the day 1 insulin PCO group reflected a carryover action of insulin. More prolonged insulin infusion will be required, however, to clarify this issue. Insulin can increase A production (21) and aromatase activity (38) in human ovarian tissue in vitro; these actions could account for the increases in A, El, and E2 levels and decreases in the aromatase precursor/product pairs, A/El and T/E2, that we observed during and/or after insulin infusion in vivo. Conversely, the decreases in T, uT, and DHT levels occurred acutely with insulin infusion on both study days and there was no evidence for a continued action of insulin. Such changes could have reflected alterations in hormone clearance rather than production, but this remains speculative because metabolic clearance rates were not determined. Alternatively, these decreases could represent enhancement of a putative 1 7-ketosteroid reductase deficiency (39) , resulting in decreased ovarian and adrenal conversion of A to T, although the simultaneous increase in E2 levels argues against this possibility. The absence of similar decreases in our normal women and the failure of previous studies (22, 23) to find significant decreases in T levels, suggest that factors associated with PCO are required for these changes to be manifested.
Our failure to detect increases in more than one plasma androgen level (i.e., A) may have been related to the brief duration of the insulin infusion. Similarly, we could have failed to detect possible carryover actions of insulin in the normal women because they did not participate in the randomized study design. However, we also failed to detect differences in sex hormone or gonadotropin levels related to varying degrees of chronic endogenous hyperinsulinemia in obese and nonobese PCO and normal women (30) . Further, Nestler and colleagues found (22) no increases in T, P. or LH levels in normal women for 12-16 h during, as well as 48 h after, infusion of similar doses of insulin. Finally, we were not able to cause hyperandrogenism with three weeks of experimentally induced moderate hyperinsulinemia in female rats (40) . But we found a significant increase in ovarian [1251]-IGF-I binding sites suggesting that insulin upregulated IGF-I receptors (40) .
Thus, although this study establishes that supraphysiologic doses of insulin can acutely and directly alter steroidogenesis in insulin-resistant PCO women, insulin did not consistently increase androgen levels, arguing against a simple causal relationship between hyperinsulinemia and hyperandrogenism in typical PCO. This is in agreement with the more complex relationships we have noted previously (26) between endogenous insulin levels and sex hormone levels in hyperandrogenic women. Considering the present and previous studies together, we propose an alternative mechanism for the association of hyperinsulinemia and hyperandrogenism in PCO. IGF-I rather than insulin appears to play a physiologic role in the regulation of gonadal steroidogenesis ( 18) , but supraphysiologic amounts of insulin can act through the IGF-I receptor (15, 18, 21) . Further, increased LH release is the major stimulus to ovarian androgen secretion in PCO (41) . Moderate hyperinsulinemia could thus act synergistically with the other hormonal disturbances of PCO, in particular LH hypersecretion, to enhance abnormal gonadal steroidogenesis by increasing ovarian sensitivity to ambient IGF-I levels via upregulation of IGF-I receptors (40) . In the syndromes of extreme insulin resistance, however, it remains possible that profound longstanding hyperinsulinemia may be sufficient alone to produce hyperandrogenism.
